Current hypotheses describing the function of normal airway surface liquid (ASL) in lung defense are divergent. One theory predicts that normal airways regulate ASL volume by modulating the flow of isosmotic fluid across the epithelium, whereas an alternative theory predicts that ASL is normally hyposmotic. These hypotheses predict different values for the osmotic water permeability (P f ) of airway epithelia. We measured P f of cultures of normal and cystic fibrosis (CF) airway epithelia that, like the native tissue, contain columnar cells facing the lumen and basal cells that face a basement membrane. Xz laser scanning confocal microscopy recorded changes in epithelial height and transepithelial volume flow in response to anisosmotic challenges. With luminal hyperosmotic challenges, transepithelial and apical membrane P f are relatively high for both normal and CF airway epithelia, consistent with an isosmotic ASL. Simultaneous measurements of epithelial cell volume and transepithelial water flow revealed that airway columnar epithelial cells behave as osmometers whose volume is controlled by luminal osmolality. Basal cell volume did not change in these experiments. When the serosal side of the epithelium was challenged with hyperosmotic solutions, the basal cells shrank, whereas the lumen-facing columnar cells did not. We conclude that (a) normal and CF airway epithelia have relatively high water permeabilities, consistent with the isosmotic ASL theory, and the capacity to restore water on airway […] Article Find the latest version:
Introduction
Studies of patients with genetic diseases of airway epithelial ion transport, e.g., cystic fibrosis (CF), have strongly suggested that the volume and/or composition of the liquids that line airway surfaces are important components of lung defense (1, 2) . The interest in the normal physiology of airway epithelia and the dysfunctions in CF led to a large number of studies that have measured airway transepithelial ion transport and properties of the channels, e.g., CFTR (3) and ENaC (4) , that mediate these activities. Much less is known about the final composition of the liquids that line airway surfaces and the contribution of the epithelial water permeability to the modulation of these liquids.
The importance of characterizing the volume and composition of ASL has risen to prominence from studies designed to elucidate the link between CF defects in ion transport and the early pathogenesis of CF airways infections. One hypothesis, the "isosmotic volume hypothesis," emphasizes the importance of the volume, i.e., height, of the liquid lining airway surfaces (1, 5) . In brief, this hypothesis states that airway epithelia regulate the height of the liquid surrounding cilia, the periciliary liquid (PCL), to facilitate efficient transduction of energy from beating cilia to the mucus layer. In CF, it is predicted that the accelerated rate of transepithelial Na + absorption increases isosmotic volume absorption, which depletes PCL, impacting mucus on airway surfaces that then serves as the nidus for chronic infection (6) . In contrast, based on the data of Joris and coworkers (7) and the report of Smith and coworkers (8) , a second hypothesis has evolved that focuses on the role of airway epithelia to regulate the composition of ASL. According to this hypothesis, normal airway surfaces absorb salt but not water from airway surfaces to generate a hyposmotic (low salt) ASL, which is required for the activity of salt-sensitive antimicrobial factors against inhaled bacteria (9) . In CF, the inability to absorb Clthrough a Cl --impermeable airway epithelial cell renders airway surface liquids isosmotic (10) or hyperosmotic (11) , effectively inhibiting the activity of antimicrobial factors and leading to chronic infection.
Because the isosmotic volume hypothesis predicts relatively high transepithelial water permeability (P f T ) whereas the hyposmotic airway surface liquid hypothesis predicts low P f T , we sought to measure P f T as a parameter to discriminate between these two opposing hypotheses. For these studies, we interfaced well-dif-Osmotic water permeabilities of cultured, well-differentiated normal and cystic fibrosis airway epithelia ferentiated cultures of normal and CF bronchial epithelia that contain both lumen facing columnar cells and basement membrane facing basal cells with a confocal microscopy-based system that simultaneously measures bulk liquid flow and epithelial cell height during osmotic challenges. Our goals were to (a) measure osmotic permeabilities in normal airway epithelia and to compare these values to a renal epithelial cell line with a reported low water permeability (12) (13) (14) (15) (16) ; (b) test whether the apical membrane exhibited evidence of water channels and their putative mercury (Hg) sensitivity; and (c) compare P f of normal and CF airway epithelia. Finally, the ability to determine simultaneously transepithelial water flow and cell height during anisosmotic solution exposure permitted independent analyses of the time courses of the changes in cell volume and transepithelial water flow.
Methods
Human bronchial epithelial cell isolation and culture. Human bronchial epithelial (HBE) cells were dissociated with protease XIV (Sigma Chemical Co., St. Louis, Missouri, USA) from portions of mainstem or lobar bronchi (17) representing excess donor tissue obtained at the time of lung transplantation under the auspices of the University of North Carolina Institutional Committee on the Protection of the Rights of Human Subjects. The isolated cells were expanded on tissue culture plastic as described previously (17) . First-passage cultures were grown on 12-mm Transwell-Col (T-Col) (Costar, Cambridge, Massachusetts, USA) supports and used when they were fully differentiated and producing mucus (at 2-4 weeks after confluence and the subsequent removal of luminal medium to create "air:liquid cultures"). Transepithelial resistances of the HBE cultures were greater than 300 Ωcm 2 . MDCK cells (type II; R T > 1,000 Ωcm 2 ; from American Type Culture Collection, Rockville, Maryland, USA) were grown in DMEM/F12 media supplemented with 10% FBS. These cells were grown on 12-mm T-Col supports and studied 2-3 days after achieving confluence.
Measurement of transepithelial water flow. Immediately before osmotic water flow experiments, the HBE cells were loaded with calcein by a 30-minute bilateral exposure to 3 µM calcein-AM (Molecular Probes Inc., Eugene, Oregon, USA) at 37°C (18) . Calcein-loaded HBE cell cultures were observed by confocal fluorescence microscopy with the intact T-Col supported on spacers over a 25-mm coverslip that formed the bottom of an open mounting chamber. The spacers, three 0.5-cm lengths of 30-gauge stainless steel tubing, were arranged radially on the coverslip with their inner tips contacting the bottom edge of the T-Col "cup." The space between the T-Col support and the coverslip held a maximum volume of 40 µL of isosmotic TESbuffered Ringer's (TBR) solution composed of 140 mM NaCl, 5.2 mM KCl , 3 CaCl 2 , and 10 TES (pH 7.4). Changes in serosal fluid volume due to transepithelial osmotic water flow directed toward the lumen were routinely calculated from the changes in the fluorescence intensity of Texas Red conjugated dextran (10,000 MW, 0.25 mg/mL; Molecular Probes).
We discovered empirically that the flexible nature of Costar T-Col membranes also allowed the quantification of serosal volume during transepithelial water flow by a measurement of the space between T-Col support and coverslip. Both parameters (bath fluorescence and bath height) were measured by xz-scanning (profile view) confocal microscopy (TCS 4D; Leica, Heidelberg, Germany) and a 40×/0.5-1.0 NA objective (used at an NA of 0.6-0.7). The quantitative relationship between serosal fluid volume and bath height was variable between T-Col supports. Consequently, each T-Col was calibrated before an experiment by sequentially placing a series of measured volumes on the surface of the coverslip, positioning the T-Col on each drop using the trineedle spacers, and measuring the resulting distance between the glass and the center of the T-Col support by xz-scanning confocal microscopy ( Figure 1b) . Image quantification for these and all other experiments was performed using a MetaMorph image processing workstation (Universal Imaging, West Chester, Pennsylvania, USA).
After a quick wash of the luminal surface with TBR before an experiment, the luminal bath was reduced to a volume of approximately 2 µL by aspiration. During most experiments, a baseline, xz-scanning confocal image of the residual TBR bathing the lumen (∼20-µm thick), the epithelial cells, and the static serosal bath was acquired, after which transepithelial osmotic water flow was initiated with the luminal addition of 200 µL of hyperosmotic solution (TBR + 150 mosM NaCl or raffinose). This added volume had no instantaneous measurable effect on serosal bath height. Profile images were then acquired for 1 minute at the maximal acquisition rate of the confocal microscope (nominally, 7-second intervals). Transepithelial water flow was determined from the resulting change in fluorescence of the serosal bath, as detailed in Results. The transepithelial osmotic permeability coefficient P f T , expressed as micrometers per second, was calculated as,
T is the transepithelial water flow (cm 3 /s), S is the surface area (cm 2 ), V W is the partial molal volume of water (0.018 cm 3 /mM), and ∆[π] Τ is the transepithelial osmotic gradient (mosM/cm 3 ).
Measurement of transapical water flow. For measurements of apical membrane osmotic water permeability (P f A ), the T-Cols bearing HBE cultures were placed directly on the coverslip. This maneuver eliminated serosal liquid available for transepithelial water flow. Transapical water flow was determined from the resulting change in epithelial height in response to luminal challenges, as already detailed here. P f A was calculated similar to P f T , taking the change in epithelial height as J v A and ∆[π] as the transapical membrane gradient.
Mercury sensitivity of P f T and P f A . After baseline measurements of P f A or P f T , cultures were incubated luminally with TBR containing 1 mM HgCl 2 for 5 minutes.
The P f measurements were repeated after substitution of the luminal solution hyperosmotic TBR (-HgCl 2 ), and again after a 30-minute luminal incubation with DMEM/F12 containing 5 mM β-mercaptoethanol in an attempt to reverse the effects of Hg.
Measurement of P f A with and without a serosal bath. To compare values of P f A in the same cultures with the two techniques just described, P f A was measured in three HBE cultures in response to luminal hypertonicity (+150 mosM raffinose) with a serosal bath and subsequently without the bath, i.e., T-Col placed directly on a coverslip.
Response of airway epithelia to serosal hypertonicity. The responses of lumen-facing columnar cells and the basal/intermediate cells to a serosal hyperosmotic challenge were measured. Two protocols that both raised serosal osmolality with raffinose additions were performed in which the T-Cols were placed directly on the coverslip without the trineedle spacers. In the first protocol, the serosal bath was changed, as images were being continuously acquired, by adding 100 µL TBR + 150 mM raffinose to one side of the T-Col while carefully aspirating the initial solution from the opposite side. In the second protocol (see Figure 5 ), the serosal bath was changed by lifting the T-Col, gently blotting its underside, and then setting it back down on the coverslip bottom of the chamber onto a new droplet of TBR + 150 mM raffinose. Xz laser scanning was initiated just before replacement of the T-Col; hence, the first image was collected 1-3 seconds after exposure to the hyperosmotic bath.
Data presentation and analysis. The data are presented as the mean ± SE for n cultures. For each experimental protocol, cultures derived from two or more patients were used. Differences between means were tested for statistical significance using the t test, with grouped or paired data as appropriate to the experiment. From such comparisons, differences yielding P ≤ 0.05 were judged to be significant. Figure 1a shows the relationship between fluorescence emission measured by the confocal microscope and the concentration of the fluorescent indicator (TR-dextran) in bulk solution. As expected, the instrument exhibited a linear response to increasing TR-dextran concentration. A calibration of the relationship between the height of a measured serosal volume between the coverslip and the T-Col support is shown in Figure 1b . The confocal images corresponding to four different volumes comprising the serosal bath are shown along with the height-volume relationship for the T-Col support.
Results

Calibration of the measurement system.
The HBE cultures used for these P f studies possessed a highly differentiated mucociliary phenotype ( Figure  2a ). The cultured HBE epithelium was pseudostratified with basal cells positioned between lumen-facing ciliated columnar cells and the T-Col substratum. About half the cultures also possessed cells lying between the columnar and basal cells; these "intermediate cells" can be identified easily in Figure 2a . Figure 2b shows a pair of xz-scanning confocal images of a living HBE culture labeled with calcein. The serosal bath is identified as the TR-dextran containing, red-orange space between the T-Col support (intense red-orange fluorescence), and the glass coverslip (black). The image on the right displays the same preparation 60 seconds after the luminal osmolality was increased by 150 mosM with NaCl (total = 450 mosM). Note that the height of the serosal bath decreased and the concentration of the red fluorescent dye increased, indicating a net flow of water out of the serosal bath. Also note the reduction in the epithelial height and the increase in calcein fluorescence, indicating a net flow of water from the cells to the lumen. Although either of these latter measures could be used to determine changes in cell volume, in practice we used epithelial height rather than calcein fluorescence owing to the susceptibility of calcein to bleaching. The kinetics of the changes in serosal bath height and TR-dextran concentration during a luminal hyperosmotic challenge for a single experiment are shown in Figure 2c . As indicated by these independent measures of change in serosal bath volume, a linear rate of volume flow was established early after the solution change and was maintained at a steady rate over the 60-second period of observation. The changes in serosal bath volume assessed from changes in its height and TR-dextran fluorescence were the same.
Transepithelial and transapical osmotic water permeabilities of normal airway epithelia. Figure 3a summarizes transepithelial P f values determined from the application of luminal hyperosmotic NaCl solutions to normal HBE cultures and to MDCK cells. P f T for normal airway epithelia, 168.6 ± 24.3 µm/s (n = 8), was more than tenfold higher than MDCK cell P f T . In HBE cultures exposed to luminal raffinose (see later here), P f T was 220 ± 9.8 (n = 6). This value for P f T was significantly different from P f T in response to NaCl challenge, suggesting a reflection coefficient (σ NaCl ) for NaCl relative to raffinose of approximately 0.8. With either solute, P f T is relatively high in comparison to other epithelia.
A small, but reproducible and significant, decrement in P f T was observed after a 5-minute treatment with HgCl 2 (1 mM). In these experiments (and those for apical membrane Hg sensitivity; see later here), the Hg effect was poorly reversible, even after washing with solutions containing β-mercaptoethanol. Addition of HgCl 2 to the basolateral surface induced no reproducible changes in transepithelial P f (n = 5; data not shown).
The pattern of results for measurements of transapical P f in normal HBE cell cultures (Figure 3b) were similar to those for transepithelial flow. P f A in HBE cells exceeded that for MDCK cells, and it also was partially Hg sensitive. The absolute value for P f A (86.5 ± 9.6 µm/s) in these experiments was less than P f T (168.6 ± 24.3 µm/s); possible reasons for this difference are discussed later here. P f A values determined with NaCl as the osmotic agent were not significantly different from those determined in an identical protocol using raffinose (96.0 ± 6.1 µm/s; n = 6), which suggests a NaCl reflection coefficient for transapical water flow close to unity (numerically, σ NaCl = 0.9, assuming σ raffinose = 1.0).
Osmotic permeabilities in CF. The osmotic permeabilities for transepithelial and transapical water flow were also determined in cultured CF airway epithelia using NaCl to increase luminal osmolality. Like normal airway epithelia, the values of P f T and P f A were relatively high: 242.8 ± 31.5 (n = 5) and 80.9 ± 10.7 (n = 5) µm/min, respectively. Because of the poor reversibility of the procedure and fewer available CF cultures, only the Hg sensitivity of P f T was determined. Like normal HBE cell cultures, transepithelial P f in CF was modestly, but significantly, sensitive to Hg: P f T was reduced 34% from 242.8 ± 31.5 to 159.5 ± 46.7 (P < 0.05, paired t test; n = 6).
Kinetic response of airway epithelia to luminal hypertonicity. To investigate more fully the relationships between the water flow across the apical membrane and that across the epithelium, normal HBE cultures were imaged by xz confocal scanning before and after the addition of 150 mM raffinose to the lumen. Care was taken during these experiments to ensure that the entire epithelium and serosal bath were imaged throughout the osmotic response, and the resulting images were analyzed for changes in epithelial height and serosal bath volume (TR-dextran fluorescence).
The height of the epithelium declined rapidly after the luminal addition of raffinose, with a steady-state height achieved at 30-40 seconds after addition of raffinose ( Figure 4) . P f A , calculated from a least-squares fit to the three points between 3 and 12 seconds, was 240 µm/s, a value higher than that measured in the absence of a serosal bath (see earlier here). Serosal TR-dextran fluorescence changed more quickly than cell volume after raffinose addition: steady-state transepithelial water flow was established in 10 seconds or less. P f T , calculated from the linear phase of the ∆TR-dextran fluorescence curve was 220 µm/s.
Only the lumen-facing columnar cells experienced a large loss of volume during the osmotic response. Neither basal cells in pseudostratified epithelial cultures,
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The nor the intermediate cells lying between these two layers in multilayered cultures (Figure 2a) , exhibited significant changes in height or calcein fluorescence during the osmotic response (data not shown). To determine the magnitude of columnar cell shrinkage, the heights of three clearly identifiable cells in each culture were measured in images taken before, and at 48 seconds after, the luminal hyperosmotic challenge.
In the six cultures studied, the mean cell height declined from 28.7 ± 0.9 to 20.3 ± 0.6 µm. One explanation of the nearly perfect osmotic response of the columnar cells to a luminal anisosmotic challenge and the lack of volume changes in basal/intermediate cells is that columnar cell P f A exceeded basolateral membrane P f (P f B ) by a large magnitude and, consequently, that a large osmotic gradient existed across the basolateral membrane. Alternately, the observation could be the result of large unstirred layers in the serosal aspect of the epithelium.
Values for P f A with and without a serosal bath. The mean ratio of P f A for three individual HBE cultures measured on the same day with, and subsequently without, a serosal bath was 1.2 ± 0.3.
Response of airway epithelia to serosal hypertonicity. To test whether columnar cell P f A >> P f B , as suggested earlier here and by previous work from this laboratory (19) , the serosal solution bathing four cultures was exchanged for one made hyperosmotic by the addition of 150 mM raffinose. When T-Cols were lifted and replaced in the chamber into a 20-µL droplet of hyperosmotic medium on the coverslip after initiating xz-laser scanning, the height of the lumen facing columnar cells was unchanged, whereas the basal/intermediate cells shrank to new steady-state volume over a period of about 30 seconds ( Figure 5 ). Similar results were observed when the solution change was effected by drawing the hyperosmotic solution beneath the T-Col (data not shown). Consequently, the rate-limiting barrier to transepithelial water flow appears to be the basolateral membrane and the tight junctions of the columnar cells.
Discussion
Transepithelial and transapical osmotic water permeabilities of cultured airway epithelia. The goal of this study was to test whether the osmotic water permeability of normal airway epithelial cells is relatively high, as observed for epithelia that effect isosmotic volume absorption, or relatively low, consistent with epithelia that are relatively impermeable to water and which maintain hyposmotic luminal solutions. In highly differentiated cultures from normal airways, transepithelial osmotic permeability ranged between 168.6 ± 24.3 µm/s (NaCl) and 220 ± 9.8 µm/s (raffinose). By comparison, these HBE P f T values are more than tenfold higher than those for water flow across relatively water-impermeable epithelia, e.g., MDCK cell cultures and unstimulated vasopressin-responsive epithelia (12) (13) (14) (15) (16) . The P f T values for HBE compare favorably with values measured in epithelia that exhibit isosmotic absorption, e.g., gallbladder (20, 21) and stimulated vasopressin-responsive epithelia (16) . The apical membrane and transepithelial P f values for HBE are also well within the range predicted for isosmotic absorption derived from thermodynamic models of airway epithelial ion and water transport (22, 23) . Hence, we conclude that HBE are moderately water permeable and predict isosmotic ASL physiology.
Assessment of confocal techniques for measurement of osmotic water permeability. The confocal microscopy technique used to measure P f T is novel, conceptually simple, and offers the advantage of visualizing the changes in multiple compartments during osmotic water flow across the epithelium. The technique depends on the ability to measure changes in serosal volume, which was provided by changes in an impermeant fluorescent marker (TR-dextran) and bath height as an independent measure ( Figure 2 ). P f A was Figure 3 Osmotic permeabilities of HBE cultures. (a) Transepithelial osmotic permeability (P f T ) for MDCK (n = 5) and for HBE (passage 1; n = 8) cell cultures challenged luminally with 150 mosM NaCl, as determined from changes in TR-dextran fluorescence of the serosal bath. (b) Transapical osmotic permeability (P f A ) for MDCK (n = 5) and for HBE (passage 1; n = 8) cell cultures, as determined from changes in cell height. In both panels, data are expressed as mean ± SE, and for n HBE cell cultures, without and with luminal 1 mM HgCl 2 . A P < 0.05, paired t test.
calculated from changes in cell volume, measured from changes in epithelial height with the assumption that lateral cellular dimensions were unaffected during the initial, linear phase of an osmotic response. Given the narrow dimensions of the intercellular space, this assumption appears reasonable, and there were no obvious increases in cell width during cell shrinkage elicited by luminal hyperosmotic challenges.
The osmotic permeabilities measured, however, may underestimate real values as a result of the following limitations. (a) Serosal and/or cellular water movement into the lumenal bath during the osmotic response could potentially change the osmotic driving forces. (b) The luminal osmotic challenge was delivered as a bolus, so that the osmotic stimulus did not occur as a square wave function. (c) The presence of luminal, cellular, and serosal unstirred layers leads to an underestimation of osmotic permeabilities (24) . The first two of these potential problems were unlikely to have caused major underestimates of osmotic water permeabilities. In a typical experiment, for example, the volume of the serosal bath changed by less than 6% (2.5 µL) over the brief amount of time required for the measurement, suggesting that dilution of luminal osmolality and concentration of serosal osmolality contributes a relatively small error. Similarly, the bolus volume applied to the lumen was large (200 µL) relative to the ambient volume of the surface liquid (≅ 2 µL), so that solution compositional changes should have been rapid. The rapid development of a linear transepithelial volume flow supports this contention (Figures 2 and 3) . Unstirred layer phenomena, however, probably have greater effects in causing underestimates of osmotic permeabilities (24) (25) (26) . Because there was no compensation for unstirred layers in the present studies on HBE cells, the actual values of P f T and P f A in these cells may exceed the 360-550 µm/s values estimated for gallbladder.
A comparison with values of P f T found for cultured HBE cells and P f T for airway epithelia obtained by other techniques, however, supports the general validity of our confocal technique. For example, the values of P f T and P f A we measured are comparable to those reported previously for freshly excised tracheas (67 and 150 µm/s; refs. 27, 28) and distal airways (30-40 µm/s; ref.
29) obtained with volume flow and fluorescent techniques, respectively. Also, the values of P f T and P f A measured for MDCK cells were also comparatively low as determined by others (12, 13) .
We note that the measurement of P f A differed significantly in our two confocal protocols. The original set of experiments with NaCl as the added luminal osmolyte, which were performed without a macroscopic serosal bath (i.e., no added solution), yielded a value of 86.5 µm/s, and with raffinose as the osmolyte under the same conditions it was 96.0 µm/s. In a second series of experiments with a macroscopic serosal bath, added raffinose yielded a P f A 2.5-fold-higher value at 240 µm/s. To test whether the differences in P f A reflected technical differences in the cell culture preparations used for the different experimental protocols, P f A was determined in three cultures in response to hyperosmotic TBR (+150 mM NaCl) in the presence of a serosal bath, and then again after return to isosmotic conditions and removal of the serosal bath. The ratio of P f A ± serosal bath was 1.2 ± 0.3, indicating that there were no serosal bath-related differences in P f A when the different measuring protocols were used on the same cultures and that the measured differences likely reflect variations in cell culture preparations.
Location of the barrier to transepithelial water flow in a complex epithelium. In previous work (19), we observed that luminal, but not serosal, hyperosmotic exposures caused shrinkage of airway epithelial cell cultures, and postulated that the basolateral membrane was not as water permeable as the apical membrane. In our experiments, we used HBE cell cultures which, like the airway in vivo, differentiate into distinct layers of lumenfacing columnar ciliated and goblet cells and of serosal bath-facing basal/intermediate cells (Figure 2 ). Exposure of these cultures to luminal hyperosmotic solutions caused columnar cell, but not basal/intermediate cell shrinkage. Hence, it appeared that columnar cell P f B was substantially lower than P f A . To test this conclusion, we studied the effects of serosal hypertonicity on the epithelium and found that under these conditions, the basal/intermediate cells, but not the columnar cells, shrank rapidly ( Figure 5) .
As already noted here, unstirred layers adherent to membranes during osmotic water flows have the effect of diminishing measured osmotic permeabilities (P f T , P f A ; ref. 24) . These unstirred layers, and those represented by the different cellular and intercellular compartments, basal connective tissue, and the T-Col substratum in the HBE cell cultures, acted to prevent a quantitative partitioning of transepithelial water flow into its component paths. Qualitatively, however, we can take advantage of the nonpolar nature of the basal/intermediate cell plasma membrane to identify the rate limiting barrier to transepithelial osmotic water flow. Namely, because volume changes were observed only in the cellular layer immediately adjacent to the bath rendered hyperosmotic, we conclude that the rate-limiting step for transepithelial osmotic water flow across the entire complex epithelium lies between the columnar cell apical membrane and the layer of basal/intermediate cells. Hence, the columnar cell tight junctions and basolateral membrane, together, most likely comprise the rate-limiting barrier.
In other epithelia, transepithelial osmotic water flow is predominantly transcellular (30) . Two observations lead to this conclusion. First, in gallbladder and proximal tubule, absorptive epithelia with high transepithelial osmotic permeabilities, transcellular osmotic water flow is sufficiently high that postulating a significant paracellular flow is unnecessary (20, 21) . Second, in the proximal tubule of aquaporin-1 null mice, transepithelial absorption is reduced by 78%, and the remaining water flow can be attributed to the expected osmotic permeabilities of the apical and basolateral membranes in the absence water channels (31) . Hence, we also expect that the principal pathway for osmotic water flow across airways epithelium will prove to be transcellular and that paracellular flow will be small. The interesting situation raised by this possibility, however, relates to columnar cell P f B . To confer upon the columnar cell the role of a lumen-oriented osmotic sensor, P f B has to be very low relative to P f A , yet it also has to be sufficiently high in absolute terms to support a large transepithelial osmotic water flux simultaneously. These requirements are likely to make the airways unique among absorptive epithelia.
Macroscopic physiology of airway epithelial water permeabilities. Our data provide the elements for a quantitative description of the physiological responses that continually replace "insensible" water losses from the respiratory system, which are estimated to be approximately 700 mL/d (32) . Given the measured P f T , and an estimate of approximately 1,000 cm 2 over which evaporative water losses occur, we estimate that an average osmotic driving force of only 20 mosM is needed to replenish water lost from airway surfaces during tidal breathing. Not only is the 20 mosM driving force within the range of osmolalities measured on airway surfaces in vivo (33, 34) , but the actual gradient necessary is overestimated to the degree that unstirred layers have reduced the value determined for P f T (see earlier here). Note that replenishing the water on airway surfaces is energetically quite efficient, not depending on active ion transport mechanisms but rather utilizing the osmotic gradients developed by evaporative water loss from the airway surface liquid compartment.
These data also enable us to understand more completely the complex airway mucosal responses to anisosmotic ASL that occur in vivo during exercise. For example, increased minute ventilation, especially in the presence of "dry" air, leads to increased evaporative water loss from airway surfaces, "dehydrating" the luminal surface and raising ASL osmolality (33, 35) . As previously discussed here, our data from this ( Figures 3, 4 , and 5) and previous studies (19) have lead us to conclude that the epithelial cells of the larger airways are configured to sense the osmolality of the luminal bathing medium. Other reports have demonstrated that airway epithelial cells use this osmotic sensing mechanism to trigger release of epithelial-derived factors, sensitive to inhibition of nitric oxide synthase activity (36) , to signal the submucosal vasculature to regulate blood flow appropriately (37) (38) (39) . In support of this notion of an epithelialderived relaxing factor are recent observations showing a luminal hypertonicity-induced relaxation of airway smooth muscle (40) , a response that occurs several seconds after the onset of the depolarization of the airway transepithelial potential (41) . We speculate that water balance is restored on airway surfaces during periods of increased luminal hypertonicity as a result of airway epithelial cell signaling to submucosal tissues. The relaxation of the microvasculature induces increases in submucosal blood flow, which increases the availability of water in the submucosa to support transepithelial water flow in response to the increased hyperosmotic gradient.
Figure 5
Hyperosmotic exposure of the basolateral membrane. HBE cultures were exposed serosally to TBR + 150 mM raffinose, by placing the TCol on a droplet of the hyperosmotic medium positioned on the coverslip in the middle of the chamber and then focusing quickly on the epithelium with the confocal microscope in XZ laser scanning mode. The lumen-facing columnar and basal/intermediate cells in the cultures were monitored subsequently for changes in height from images collected at 7-second intervals. The initial image was collected 1-3 seconds from the time of exposure of the culture to the hyperosmotic medium. Within each culture, the heights of three cells of each type were determined in each image series over time, and these data are presented as the mean ± SE (n = 4).
Relationship to aquaporins. Osmotically driven water flows, both transepithelially and transapically, were reproducibly inhibited by Hg in normal airway epithelia, though the effects were small (-20% to -30%) compared with the generally much larger values reported in the literature (42, 43) . Because of the relatively high osmotic water permeabilities, these data lead us to speculate that the apical membrane of airway epithelia expresses a water channel that is Hg sensitive, likely in parallel with an Hg-insensitive channel. To date, however, no known aquaporin has been detected by immunological means in the apical membrane of the superficial epithelium of airway epithelia. The water channel aquaporin-4 has been localized by immunohistochemistry to the basolateral membrane of well-differentiated columnar airway epithelial cells, including those of humans (29, 44) . The apparent insensitivity of the basolateral barrier to Hg may be consistent functionally with an aquaporin-4 channel at this membrane.
The recent report of a coupling between CFTR and aquaporin-3 in coverslip-grown airway cells (45) is intriguing, for it may indicate a new role for CFTR in regulating the water permeability of airway epithelial cell physiology, and a new dysfunction in the CF airway epithelium, namely, reduced water permeability. The absence of aquaporin-3 localization at the site of CFTR expression in the apical membrane of highly differentiated proximal airway epithelial cells, however, suggests a cautious interpretation of these findings (46, 47) . Indeed, our data do not support a difference in either P f T or P f A between well-differentiated cultures derived from normal and CF tissues (see Results).
Relationship to airways disease (CF). Our measurements of transepithelial P f in normal and CF cultures have clear-cut implications for analyses of ASL homeostasis in health and disease. With respect to the controversy concerning hyposmotic versus isosmotic airway surface liquids, the measurement of a relatively high transepithelial P f (160-220 µm/s) is more consistent with epithelia that maintain isosmotic solutions rather than hyposmotic solutions on their surfaces. Indeed, as pointed out by Novotny and Jakobssen (22, 23) and by Farinas et al. (15) , even a smaller cellular P f (∼41 µm/s) is consistent with prediction of isosmotic liquid transport. Thus, the pathogenesis of CF may best be viewed in the context of isosmotic ASL homeostasis, consistent with recent direct measurements of ASL composition suggesting that airway secretions are generally isosmotic (6, 48, 49) .
Conclusions. In summary, these studies demonstrate that airway epithelia exhibit relatively high osmotic water permeabilities. The high values of P f T are most consistent with isosmotic, not hyposmotic, airway surface liquid. The epithelial water permeability reflects, in part, the activity of apical cell membrane Hg-sensitive water channels. Further, our data suggest that airway epithelial cells sense luminal anisosmotic conditions by passive changes in their volume (reflecting the high values of P f for the columnar cell apical membrane, relative to the basolateral membrane), and we speculate that they actively signal the submucosal vasculature to increase blood flow and thereby increase the availability of water for osmotic water flow. The water-permeable epithelium then passively conducts bulk transepithelial osmotic water flow to the lumen to return ASL to a nearly isosmolar state.
